Abstract: This work discusses the use of remotely web-based experiments to improve the learning process of automation and control systems theory courses. An architecture combining virtual learning environments, remote experiments, students guidance and experiments analysis is proposed. The experiment is integrated in the learning environment and supports the combination of real equipments with simulated (virtual) ones. Users can easily configure a specific component to be related to a real or a simulated device by using a strategy called interchangeable components. The paper presents some developed case studies and the obtained results. This work is part of the RExNet international consortium.
INTRODUCTION
Remote experimentation allows the application and test beds of theoretical knowledge in practical situations (Auer, et al., 2003) . Control and automation system engineering courses demand knowledge of real practical situations in order to improve students' learning process. The use of laboratories gives students active learning (Watson, 1995; Smith, 1989) , distributed learning (Auer, et al., 2003) and team learning (Faltin, et al., 2002) skills. These skills are the very essence of remote experimentation learning since teachers are not always present.
With the growth of Internet, and the technologies involved in this service, web accessible laboratories with remote experiments have become an attractive economical solution for an increasing number of students (Cooper, 2000) . Remote experimentation has become the "second best of being there" (SBBT) (Atkan, et al., 1996) solution for students and laboratories with expensive equipments. Remote experiments increase the accessibility to laboratory equipment and also provide space and time flexibility. However, most of existing remote laboratories do not include adequate learning materials and tool-support, so that it is not uncommon that students end up using "trial-anderror" as a problem solving approach.
To improve the knowledge transfer, some remote experiments (Schaf and Pereira, 2006a; Michaelides, et al., 2004; Schaf, et al., 2007) are integrated within a virtual learning environment that manages and provides learning materials to the students to help in the experimentation process. Additionally, mixed reality experiments (such as the one proposed in Bruns and Erbe, 2004) may help in providing a higher flexibility to remote experiments. Different scenarios can be defined and can be used in different learning situations according to the level of knowledge of the remote students. For instance, simulated components (experiment equipments) can be combined to real equipment to provide more practical situations without the need to purchase (or danger) real equipment. Some institutions are also teaming and making their remote experiments available as a network of remote labs. For instance, this was the goal of the RExNet Consortium, an European Alfa project.
The remainder of the paper is organized as follows: In Section 2 the proposed architecture is described.
Section 3 describes the different levels of integration and in section 4 several case studies being used as validation are presented. Section 5 discusses students' feedback and in Section 6 conclusions are drawn and future work directions are signalled. Fig. 1 . Proposed Architecture.
PROPOSED ENVIRONMENT ARCHITECTURE
With the goal to reach more students and to provide a common environment for automation and control education, a proposed architecture for learning environments with support to remote experimentation and mixed reality is presented. This architecture integrates: virtual learning environments (VLEs), learning materials (theory courses), remote experiments, mixed reality scenarios for experiments, interchangeable components (Schaf, et al., 2007) , post-experiment analysis and some student guidance (Schaf and Pereira, 2006) . Figure 1 . depicts main "modules" and their interactions of the proposed architecture. Students can only access the remote experiments through the VLE, which has also support to experiment analysis (post) and student guidance. All architecture modules communicate through the central database located in the server. There is an experiment manager, which supplies a Java Applet interface that can be viewed by the client (student) with a simple JRE compliant web browser (thinclient computing (Nieh, et al., 2000) ).
INTEGRATION LEVELS

Virtual Learning Environment Integration
The VLE integration is straightforward and adopts technologies commonly used in web-accessible experiments. By clicking on a given URL students are leaded to the remote experiment interface, which controls user access and configures the remote experiment according to the user (student) learning level, i.e., students with no previously recorded interaction with the experiment should first execute the basic experiments (usually the ones with only simulated equipments) whereas advanced students can choose the type of experiment to be performed. The communication channel between VLE and remote experiment is via the central database. The VLE can customize experiments by writing database parameters that are then read by the experiment manager/interface. Depending on the stored values of experiment's setup parameters, the manager "links" (provide the connections) the selected components (plants and controllers) to form the desired experiment scenario.
The experiment analysis is a tool that evaluates the student's performance when running the experiments. It reads the results obtained by students (text files generated by the experiment manager) and calculates characteristic control systems metrics such as: maximal overshoot, rise time and settling time. By comparing the measure metrics with the required one, student's performance (and correspondent learning level) can be determined and learning materials to be revised by students are suggested.
Mixed Reality with Interchangeable Components Strategy
In order to increase the flexibility in defining possible scenarios for remote experimentation, a strategy for combining real and virtual components is used, the so called interchangeable components. The interchangeable components strategy (see Fig. 3 ) (Schaf, et al., 2007) enables the execution of distinct learning scenarios. For instance, simulated plants can be used to evaluate robustness of control algorithms by simulating unexpected behaviours in the technical plant. Simulated automation systems are useful to show step-by-step execution of industrial controllers. All these combinations can positively impact control and automation education. An additional positive aspect of using simulated devices is regarding the possibility of cloned devices. Where real equipment is only accessible for one user (or group of collaborative users) at a given time, simulated equipments can be identically copied in several instances being accessible simultaneously by multiple users. The flexibility supplies both educational needs with different scenarios constructions as well as technical needs improving accessibility to real equipment.
Communication among interchangeable components follows a common interface and is also handled by the experiment manager. In this way, the experiment manager provides full components access and configures the possible links between the selected components of the experiment. The configuration is driven by database parameters that identify the selected scenario. Fig. 4 . Basic case studies framework.
CASE STUDIES
In order to validate the architecture and concepts previously described, several case studies have been implemented. All case studies were integrated in MOODLE (Moodle, 2007) , which has been selected among a large number of software implementations of learning materials managers, also known as learning management systems (LMSs), course management systems (CMSs) and VLEs. By integrating all experiments into MOODLE, it becomes a kind of remote experimentation portal, similar to the proposal by (Michaelides, et al., 2004) , where all courses and learning materials are organized to provide maximum intuitive perceptions, simplicity and knowledge transfer to the student.
The student guidance and experiment analysis "modules" of the architecture are written in PHP code to simplify the integration and the interactivity with the MOODLE software. A SCADA software developed by a Brazilian company, named Elipse SCADA (Elipse, 2007) , is used as experiment manager and is responsible to provide connections with the real/simulated equipment and to supply a Java Applets as interface. Elipse SCADA also has interfaces to deal with ODBC (associated with MySQL connector) and with OPC (OPC, 2007) servers. OPC-DA was selected as standard interface to connect with real equipments and with simulators. Simulated equipments can then be executed in any simulator that has OPC server support or Web interface (simplified equipments simulation). In the presented case study the ISaGRAF (Isagraf, 2007) simulator is used to simulate dynamic as well as discrete sophisticated components (equipments). Fig.  4 illustrates all software tools and technologies used in all case studies implementations. The prototypes, built as case studies, use common remote experiments used within the scope of the RExNet Project. The first prototype was built using a Foundation Fieldbus Pilot Plant (Zeilmann, et al., 2003; Schaf and Pereira, 2006) in use for many years at UFRGS. This experiment includes typical process control activities, such as temperature, level and flow control, industrial communication protocols configuration, etc. Courses on "PID tuning techniques" and "Foundation Fieldbus protocol" are available within MOODLE The toolset also includes an experiment analysis tools (which automatically extract metrics such as overshoot and rise time from the results of a student's experiment running), as well as a basic student guidance tool. This tool, based on the performance metrics extracted from student's experiment and based on the history of learning materials and previous experiments executed by the students (this information is obtained from a tracking system that keeps track of all students logs into the system), indicates which learning materials should be reviewed by the student. Fig. 5 presents a snapshot of the computer screen that the remote student can see, when a PID tuning experiment is being executed. This experiment is used within the courses "Control Systems" and "Industrial Communication Protocols" for both undergrad and graduation students.
Foundation Fieldbus Pilot Plant
Thermal Plant
The second prototype uses a simple thermal plant (Silva, 2002) , which includes an industrial PID controller, a micro-controlled heating and cooling system (acting on a heat element and on a fan) and is used to teach temperature control techniques (for instance, how to handle deadtime that is present in most of temperature control applications). Similar to the previous experiment, special courses were developed and since the experiment objective is basically the same, the same student guidance and experiment analyser tools can be adopt without no modifications (see Fig. 6 ). 
Mechatronics Lab
Fig. 7. Mechatronics lab implementation
The third prototype has been developed within collaboration with the University of Bremen in Germany and uses some concepts proposed in (Bruns and Erbe, 2004) and proposes some extensions as the use of OPC to allow the realization of the exchangeable components. The implemented system (see Fig. 7 ) provides a mixed reality workbench for teaching mechatronics (electro pneumatics). This system is more flexible and has more interactivity with the user. Enhancements in this system were made to be more robust and reliable to be used in technical education (Schaf, et al., 2007) . This system offers several simulated (virtual) equipments that can be combined into multiple electro pneumatics circuits' configurations. It has been recently installed on a SENAI's Mechatronic Center in Southern Brazil and is being used in technical training for apprentices.
Bottling Production Plant
The fourth case study is a simulated bottle production plant (Schaf, 2006) used for teaching industrial programming languages according to the IEC standard 61131. The simulated behaviour is executed using the tool ISaGRAF (Isagraf, 2007) . The plant provides a didactical and reusable experiment, which includes both discrete time as well as analog control strategies. Students have to write programs to automate the production, controlling process such as transport belts, labelling and filling stations, temperature and control, etc. Figure 8 depicts the model interface, were sensors and actuators describe the actual state of the bottling production plant. ISaGRAF uses standardized programming languages, which are very useful to illustrate how real industrial automation systems are designed and programmed in PLC controllers. This prototype has a built-in analysis tool which is able to check the correctness of the programs developed by the students (basically checking the actuation commands that are generated in response to sensing signals in the production line). 
Experiments Combinations
All prototypes have support for interchangeable components, although the mechatronics lab is not initially designed to that purpose. Simulated counterparts of prototypes were developed using the ISaGRAF software. So, virtual components can interact with virtual/real ones.
Besides combining real/virtual interchangeable components, an interesting idea of combining all prototypes is possible since all described experiment use the same standardized interface to the experiment manager, i.e., OPC. For example, using the bottling production line experiment, tutors can configure the experiment in such a way that the temperature of the liquid being filled is simulated using the thermal plant experiment (leading to a kind of "hardware in the loop" simulation), disturbances and non linearities present in mechanical actuators of the bottling plant can be taken into account by allowing the mechatronics workbench to drive the filling, corking, and labelling stations in the bottling production. The Foundation Fieldbus plant can be configured to represent all tanks, pipelines and process control process involved in liquid storage (level, temperature, and flow control). In this way, all experiments prototypes are involved in a complex but very illustrative mixed reality scenario.
STUDENTS FEEDBACK
All case studies have been successfully applied into undergrad and graduated courses on "Control System Design", "Industrial Automation", "Time Discrete Control", etc. The obtained results have been very positive. In particular one can see that student's motivation is increased when using remote labs embedded into VLEs. Analysis of logging data shows that while some students access the remote experiments late night, others prefer to work early in the morning, that means, each one can define their preferable working time and therefore the system.
CONCLUSIONS AND FUTURE WORK
The proposed architecture supplies the need for educational backup to remote experiments providing also experiments feedback. The feedback and the theory background is the key to achieve better learning results from students. The flexibility caused by the use of mixed reality associated with the interchangeable components strategy switch static remote experiments in fully dynamic created remote experiments.
Although the basic case studies implementation employs several commercial softwares the architecture does not hang on the usage of these specific softwares. The standardized OPC is a very common interface built-in in several simulators available in the market. OPC complaint softwares are also very easy to integrate in the system making the creation of different scenarios simple and no time spending.
The VLE integration is very important to unify: student guide, experiment analysis, learning materials, experiment booking systems, remote experiments, collaboration tools, user access control, etc. in a single environment responsible for collaborative, active and distributed learning.
The proposed architecture is currently in use in a virtual environment called GCAR-EAD at the UFRGS. New courses and experiment scenarios are in development since the implementation is more widely used by the university teachers and students. More than 50 students of control systems theory are currently accessing and using the first and second prototypes (see 4.1 and 4.2).
Although a basic version of the proposed architecture is now up and running, its different modules have to be improved. For instance, the student guidance should migrate to a more comprehensive tool able to identify learning problems. For this purpose, a student model research and implementation is in progress. The main idea regarding this aspect is to implement student guidance with embedded student model, signalling with a probabilistic model based on several user interactions (Noguez and Succar, 2003) . Future improvements of the third and last prototype are also planned (see 4.3 and 4.4). All prototypes implementations will be tested in electrical engineering courses at the UFRGS. The employment and development of MatLab (MatLab, 2007) dynamic models is also in progress as well as an interface to deal with client controller projects using the MatLab control systems toolbox files.
Another area which should be further explored is collaborative learning. Issues such as synchronization of work and media between students located in different sites (which could even be in different countries), cultural aspects, etc. should be addressed.
